The electronic structure and magnetic properties of homodinuclear titanium(III) molecules with bridging ligands from groups 14, 15, and 16 are examined. Single-and multireference methods with triple-ζ plus polarization basis sets are employed. Dynamic electron correlation effects are included via second-order multireference perturbation theory. Isotropic interaction parameters are calculated, and two of the complexes studied are predicted to be ferromagnetic based on multireference second-order perturbation (MRMP2) theory, using the TZVP(fg) basis set. Zero-field splitting parameters are determined using spin−orbit coupling obtained from complete active space (CAS) self-consistent field (SCF) and multiconfigurational quasidegenerate perturbation theory (MCQDPT) wave functions. Three Breit−Pauli-based spin coupling methods were employed: full Breit−Pauli (HSO2), the partial two-electron method (P2E), and the semiempirical oneelectron method (HSO1).
Introduction
The interaction of multiple metal centers in molecular complexes, solid-state compounds, and enzymes has become a rapidly expanding field of study over the past few years. [1] [2] [3] [4] [5] [6] In particular, the design of single-molecule ferromagnets and antiferromagnetic superconductors with high critical temperatures are significant challenges in the area of materials science. The relationship between magnetic and electronic properties is also a growing field of study in bioinorganic chemistry. 7 The magnetization of a material depends on the magnetic field acting on it. The magnetic susceptibility, , is a property of the material and relates the magnetization, M, to the strength of the magnetic field, H. For relatively low values of H If the magnetic susceptibility is negative, it is independent of temperature and the material is diamagnetic. If the susceptibility is positive, it varies with temperature. This is the case for paramagnetic, ferromagnetic, antiferromagnetic, and ferrimagnetic materials. In ferromagnetic materials, the susceptibility increases as the temperature decreases. In antiferromagnetic materials, the magnetic susceptibility passes through a maximum at the Néel temperature and goes to zero as the temperature approaches absolute zero.
The magnetic behavior of transition metal complexes in which more than one metal atom has unpaired electrons depends on the strength of the interaction between the metal centers. When strong metal-metal bonds occur in a dimer, the molecule will be diamagnetic. If the metal centers do not interact, the magnetic properties of the dimer are unchanged from those of the monomer. In a weakly interacting complex, the weak coupling of the electrons leads to low-lying excited states of different spin. In dinuclear complexes with one unpaired electron on each metal center, the two local spin states S A and S B can interact through the bridging ligands with either singlet or triplet coupling. If singlet coupling is favored, the interaction is antiferromagnetic; if triplet coupling is favored, the interaction is ferromagnetic. If this isotropic interaction is the dominant magnetic effect, the total spin quantum number S is a good quantum number. 8 The Hamiltonian that describes the coupling between local spin operators S A and S B was introduced by Heisenberg. 9 It may be written as where the isotropic exchange interaction parameter J is defined by
The isotropic interaction parameter is related to the magnetic susceptibility by where N is Avogadro's number, g is the average electronic gyromagnetic ratio, is the Bohr magneton, k is the Boltzmann constant, and T is the temperature. Moreover, for antiferromagnetic compounds, the isotropic interaction parameter is proportional to the Néel temperature T max according to where k ) 0.695 cm -1 K -1 . This relation may be used to compare calculated isotropic interaction parameters with experimentally observable susceptibility maxima.
The isotropic exchange interaction usually has a greater effect on the magnetic properties than other phenomena such as the spin-orbit coupling and the magnetic dipole-dipole interaction. However, if the singlet-triplet splitting is small or if the triplet state is the ground state, these other interactions may become essential for an accurate description of the system. In addition, these effects may be seen in an electron paramagnetic resonance (EPR) spectrum of the triplet state, since they result in a zerofield splitting (ZFS) of the M s components. The Hamiltonian for these terms may be written where the first term accounts for the dipolar and anisotropic exchange interactions due to the zero-field splitting tensor D, and the second term accounts for the Zeeman perturbation with the g (gyromagnetic) tensor. The principal (diagonal) values of D and g are fit to the experimental data. The principal values of D are used to calculate the axial and nonaxial (rhombic) zerofield splitting parameters D and E according to 10 The anisotropic exchange tensor D e may be found by where D d is the dipole-dipole interaction tensor. The dipolar term is often the minor contribution to D and can often be reasonably estimated from the point dipole approximation. 8 The axial and rhombic exchange interaction parameters, D e and E e , are related to the spin-orbit coupling and may be calculated by In 1934, Kramers introduced the idea of superexchange in order to explain how transition metal ions in solids could interact at long distances. 11 He proposed that the neighboring nonmagnetic atoms could play a role in the magnetic interaction mechanism through an exchange spin coupling. In the 1950s, Anderson and Nesbet developed basic qualitative models of exchange interactions in solid-state materials. [12] [13] [14] [15] The Anderson model has been successful in predicting the sign of the magnetic interaction but does not quantitatively reproduce its magnitude. Early ab initio calculations on the ionic solid KNiF 3 confirmed the ideas of the Anderson model but yielded a magnetic coupling value that was much too small. 16 In 1952, Bleaney and Bowers discovered that superexchange is not limited to solids but also occurs in binuclear or polynuclear metal complexes such as copper acetate. 17 In the mid-1970s, Hay, Thibeault, and Hoffmann (HTH) 18 and Kahn and Briat 19, 20 discussed a semiquantitative equivalent of the Anderson model for molecular complexes and other systems based on extended Hückel calculations. One reason that the Anderson and HTH models produce J values that are too small relative to experimental values is that they neglect dynamic correlation contributions. An important advance toward a quantitative examination of magnetic coupling came in 1981, when de Loth et al. used perturbation theory in order to include the effect of excited configuration state functions that contribute to the energy difference between the lowest energy singlet and triplet states. 21 Since this time, perturbation theory methods built on a multireference zeroth-order wave function have been used to examine the magnetic coupling in a variety of metal complexes and materials. [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] Other theoretical methods for calculating the magnetic coupling for biradicals and binuclear complexes have been discussed recently. 41 Ab initio calculations can provide new insights into the interactions between metal centers and ligands. Homodinuclear complexes with one unpaired electron on each metal center, such as d 1 Ti(III) complexes, are some of the simplest model compounds for investigating spin-spin interactions. Experimentally, dititanium(III) compounds with a linear oxo-bridge, [42] [43] [44] [45] organic bridge, [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] face-sharing bioctahedral tribridge, 58, 59 or dibridge (ring) structure have been characterized. Complexes with a ring structure include hydrido-, [60] [61] [62] halo-, 63-74  amido-, 75-78 hydroxy-, 74,79 alkoxy-, 76,80 phosphido-, 81 silyl-, 82 sulfato-, 83 and thio-bridged species. 76 Some of the rings are essentially planar 63, 66, 77, 80, 81 while others are buckled. 61, 79 The magnetic properties of linear oxo-bridged compounds have been investigated using CASSCF, MC-CEPA, and ACPF calculations 84, 85 and density functional theory calculations. 86 The Ti-Ti bonding interaction, isotropic interaction, and zero-field splitting parameters of D 2h H 2 Ti(µ-H) 2 TiH 2 , a simple model of the flat ring compounds, were studied in detail using multireference methods. 29, 30 The effects of halide bridging and terminal ligands on the magnetic properties of homodinuclear titanium-(III) compounds were also examined using multireference methods. 34 In the present study, the effects of other bridging ligands such as OH, SH, NH 2 , PH 2 , NNN, CN, OCN, CNO, SCN, NO, and NO 2 on the magnetic properties will be discussed.
Computational Details
Geometry optimizations for triplet states were carried out at the restricted open-shell Hartree-Fock (ROHF) level of theory. The triplet orbitals were used as a starting point for a two-configuration self-consistent field (TCSCF) optimization for the singlet states. The basis set used in the geometry optimizations is denoted TZV(p). It consists of a triple-with polarization (14s11p6d/10s8p3d) basis set for titanium, which is comprised of Wachter's basis set 87 with two additional sets of p functions 88 and an additional set of diffuse d functions. 89 In the notation (A/B), A is the primitive basis set and B is the contracted basis set. For hydrogen, Dunning's (5s1p/3s1p) basis set was employed; 90 for carbon, nitrogen, and oxygen, the Dunning (10s6p/5s3p) basis set was used. 91 The McLean and Chandler (12s9p/6s5p) basis set was utilized for phosphorus and sulfur. 92 The energy second-derivative (Hessian) matrix was calculated and diagonalized at all stationary points. Unless otherwise stated, all stationary points have zero imaginary frequencies and are minima on their respective potential energy surfaces.
Two larger basis sets denoted TZVP(f) and TZVP(fg) were also used in this study. For both, diffuse s and p functions and two sets of d polarization functions were added to the main group elements. The diffuse sp function and 2d polarization function exponents are the default values in GAMESS. 93, 94 The basis set called TZVP(f) adds an f function (R ) 0.40) 95 to the titanium atom. The basis set referred to as TZVP(fg) adds a set of f (R ) 0.591) and g (R ) 0.390) polarization functions, as well as a set of diffuse s (R ) 0.035), p (R ) 0.239), and d (R ) 0.0207) functions, to the TZV(p) titanium basis. These exponents in the TZVP(fg) basis set are optimized for correlated titanium atoms. 96 The effects of dynamic electron correlation were included by carrying out second-order multireference perturbation theory (MRMP2) 97-100 single-point energy calculations at the TCSCF and ROHF geometries. Single-point energy calculations were
repeated with the TZVP(f) and TZVP(fg) basis sets as a test of basis set convergence.
For excited states, fully optimized reaction space (FORS) multiconfigurational SCF (MCSCF) calculations [101] [102] [103] (also called complete active space SCF (CASSCF) 104 ) with an active space consisting of 2 electrons in 10 or more orbitals are required. Spin-orbit coupling (SOC) effects are determined using both the complete active space SCF (CASSCF-SOC) and multiconfiguration quasi-degenerate perturbation theory (MCQDPT-SOC) 105 methods. Three different operators are used in the calculations: a semiempirical one-electron spin-orbit coupling operator (HSO1), 106 a partial two-electron/full oneelectron operator (P2E), 107 and the full Pauli-Breit operator (HSO2). 107 The electronic structure code GAMESS 93, 94 was used for all calculations. Orbitals were visualized using MacMolPlt, 108 a graphical interface to GAMESS.
Results and Discussion
Electronic Structure and Energetics. OH. The hydroxide ligand is isoelectronic with fluoride, so it provides a good first comparison with hydride and halide bridging ligands. Indeed, the complex Ti 2 (µ-OH) 2 H 4 follows the electronic structure and energetic trends discussed in previous work on Ti 2 H 6 29 and Ti 2 X 2 Y 4 (X,Y ) H, F, Cl, Br). 34 Mulliken populations (Table  1) for the TCSCF and ROHF wave functions with the TZV(p) basis show that the titanium atoms are positively charged. The lowest energy D 2h singlet and triplet states are determined to be 1 A g and 3 B 1u , respectively. The molecular orbitals that create these states are primarily formed from the σ and σ* combination of the d x 2 -z 2 orbitals on the two Ti atoms (Figure 1 ), where the Ti atoms lie along the z-axis and the OH ligands lie along the x-axis. The two configurations that are responsible for the singlet state may be expressed as [(σ)(σ*)] 2 
or
The singlet state has a high degree of diradical character; a natural orbital analysis of the TCSCF/TZV(p) wave function (Table 2) shows that there are 0.92 electrons in the lowest virtual orbital. This suggests that although the molecule is in principle able to form a direct Ti-Ti bond, the singlet state is essentially a singlet diradical with very little bonding interaction.
The TCSCF/TZV(p) energy difference between the singlet and triplet states is only 0.2 kcal/mol (Table 3 ). The inclusion of dynamic electron correlation via second-order perturbation theory lowers the singlet state preferentially. The MRMP2/TZV-(p) energy difference increases to 0.7 kcal/mol. As the basis set size is increased, the singlet-triplet splitting increases by an additional 0.1 kcal/mol to 0.8 kcal/mol at the MRMP2/TZVP-(fg) level of theory and is still very small.
To assess the effects of electron correlation on the geometry of the compounds, a numerical MRMP2/TZV(p) optimization was performed for both the singlet and triplet states. At this level of theory, the Ti-Ti distance for the singlet state is predicted to be 3.11Å. The corresponding distance at the TCSCF/TZV(p) level of theory is 3.17Å. The singlet-triplet splitting at the MRMP2/TZV(p) optimized geometries is predicted to be 0.8 kcal/mol, for an increase of 0.1 kcal/mol from the MRMP2//TCSCF/TZV(p) singlet-triplet splitting of 0.7 kcal/mol. In light of these results, MRMP2 optimizations appear to have a minor effect on these compounds and will not be considered further.
SH. The hydrosulfido ligand is isoelectronic with chloride, so one might think that it would follow a similar electronic structure pattern. Unlike Ti 2 (µ-OH) 2 H 4 , the analogous Ti 2 (µ-SH) 2 H 4 D 2h structure is not a local minimum. Imaginary frequencies lead to the C 2V and C 2h structures. The relative energies for these structures are shown in Table 4 . The C 2V structure is lower in energy than the C 2h structure by 1.1 kcal/ mol. Geometrical parameters are presented in Table 5 . Although it has a lower symmetry, the general electronic structure of Ti 2 -(µ-SH) 2 from the Ti d x 2 -z 2 atomic orbitals. The "modified" σ and σ* molecular orbitals have a 1 and b 2 symmetries, respectively. The singlet state is essentially a singlet diradical with 0.96 electrons in the lowest virtual orbital (Table 2) . At the TCSCF/TZV(p) level of theory, the singlet state is predicted to be only 0.01 kcal/mol lower in energy than the triplet state (Table 3 ). The inclusion of dynamic electron correlation at the MRMP2/TZV(p) level further stabilizes the singlet state by 0.2 kcal/mol. As the basis set is improved, the singlet-triplet splitting grows to 0.5 kcal/mol at the MRMP2/ TZVP(fg) level of theory. (Table 4) . PH 2 . The lowest energy singlet and triplet states for Ti 2 (µ-PH 2 ) 2 H 4 with D 2h symmetry are 1 A g and 3 B 1u . The D 2h triplet state is not a minimum on the potential energy surface. The imaginary frequency (38i cm -1 ) leads to a structure with C 2V symmetry. The lowest energy C 2V singlet is 1.0 kcal/mol lower in energy than the lowest energy D 2h singlet (Table 4 ). The ground state of this molecule is more similar to SH than NH 2 . The molecular orbitals are formed primarily from the Ti d x 2 -z 2 orbitals, similar to OH and SH, rather than the d xy orbitals seen in NH 2 .
NNN. The azido ligand can act as a bridge between the titanium atoms in two ways: a µ-1,1 ("end-on") mode or a µ-1,3 ("linear") mode. These bridging modes are shown in Figure 4 . Both of these bridging modes have been seen experimentally in copper(II) dinuclear compounds. 8 For both modes, the D 2h structure is a local minimum. The ground state of these 
molecules is 1 A g , and the lowest energy triplet state is 3 B 1u . The molecular orbitals follow the pattern established for hydroxide. There are 0.85 electrons in the lowest virtual orbital of the end-on structure and 0.95 electrons in the lowest virtual orbital of the linear structure (Table 2) according to a natural orbital analysis of the TCSCF/TZV(p) wave function. The TCSCF/TZV(p) singlet-triplet splitting for the end-on structure is calculated to be 1.1 kcal/mol and increases to 3.2 kcal/mol at the MRMP2/TZVP(fg) level (Table 3) . For the linear structure, the TCSCF/TZV(p) singlet-triplet splitting is 0.2 and 0.5 kcal/mol at the MRMP2/TZVP(fg) level. The MRMP2/ TZVP(fg) end-on structure is more stable than the linear structure by 1.7 kcal/mol. Experimentally for the copper compounds, the end-on azidobridged structures are ferromagnetic, while the linear structures are strongly antiferromagnetic. 109, 110 In contrast, the end-on Ti 2 -(µ-1,1-NNN) 2 H 4 is very antiferromagnetic and the linear Ti 2 -(µ-1,3-NNN) 2 H 4 is slightly antiferromagnetic. The atomic orbitals available to form metal-metal bonds are different on copper and titanium. For copper, the unpaired electron density is in the d xz orbital, rather than d x 2 -z 2 . This difference may be used to explain the dramatic difference in the magnetic coupling observed for the two bonding modes with the different metals. The HOMO and LUMO orbitals for titanium complexes are oriented along the Ti-Ti axis, whereas the orbitals in copper complexes are oriented along the Cu-ligand bonds.
CN.
The cyano ligand can bridge the titanium atoms in three ways: two end-on structures (µ-1,1-CN and µ-1,1-NC) and one linear structure (µ-1,2-CN) ( Figure 5 ). Experimentally, the cyano ligand has been observed to bind in a bidentate fashion using both the carbon and nitrogen or preferentially through the carbon when it bonds in an end-on fashion. 111 The end-on structure with D 2h symmetry is predicted to be a local minimum. For the linear structure, the highest possible symmetry is C 2h . (A structure with equally high C 2V symmetry could be imagined. However, since the two titanium atoms are in different environments, the C 2V structures were not considered in this study.)
For all three structures, the active orbitals are composed primarily of Ti d ment is the highest energy bridging structure. These calculations suggest that the linear bonding structure will be preferred for the cyano ligand in this type of system. OCN/ONC. The cyanato and fulminato ligands also have three available bridging modes. Experimentally, when it bonds in an end-on fashion the cyanato ligand tends to bind through the nitrogen atom 112 and the fulminato ligand tends to bind through the carbon atom. 111 For all of these structures, the usual D 2h or C 2h structure is a local minimum. The singlet states are essentially diradicals, with 0.85 to 1.00 electrons in the lowest virtual orbital (Table 2 ). For most of these compounds, the singlet state is the lowest in energy. However, the MRMP2 triplet state of Ti 2 (µ-1,3-ONC) 2 H 4 is predicted to be 0.03 kcal/ mol lower in energy than the lowest energy singlet state (Table  3) .
Larger basis sets and dynamic electron correlation also affect the isomeric orderings of these ligands. For the cyanato compounds at the MRMP2/TZV(p) level, Ti 2 (µ-1,1-NCO) 2 H 4 is 1.9 kcal/mol lower in energy than Ti 2 (µ-1,3-OCN) 2 H 4 . The inclusion of higher polarization functions also stabilizes Ti 2 (µ-1,1-NCO) 2 H 4 with respect to Ti 2 (µ-1,3-OCN) 2 H 4 . At the MRMP2/TZVP(fg) level, the relative energy is 9.6 kcal/mol. Ti 2 (µ-1,1-OCN) 2 H 4 is predicted to be much higher in energy than either of the other two compounds. For the fulminato compounds, at the MRMP2/TZV(p) level, the Ti 2 (µ-1,3-ONC) 2 H 4 compound is 12.2 kcal/mol lower in energy than the Ti 2 (µ-1,1-ONC) 2 H 4 compound. Multireference perturbation theory suggests that the µ-1,1-CNO and µ-1,1-ONC structures have similar energies. The calculations suggest that, for this system, the cyanato ligand will bind through the nitrogen atom in an end-on fashion and the fulminato ligand will bind in a linear fashion. Many experimentally observed compounds with fulminato ligands are known to be explosive. 111 Indeed, the calculations on the compounds in this study show that the fulminato-bridged compounds are over 140 kcal/mol higher in energy than the cyanato-bridged compounds (Table 6 ), which suggests that the isomerization of these molecules would be highly exothermic.
SCN. The thiocyanate ligand also has three possible bridging modes. All three bridging structures have been observed experimentally in metal complexes. 113 The µ-1,3-SCN bridging structure has a C 2h local minimum. The bond angles for this compound are quite different from the bond angles for OCN ( Table 5 ). The µ-1,1-N bridging mode has a local minimum with D 2h symmetry. However, the compound with the µ-1,1-S bridging mode in D 2h symmetry has one imaginary frequency for the singlet state and two for the triplet state. The lowest energy singlet with C 2V symmetry is 0.3 kcal/mol lower in energy than the related C 2h structure and 1.1 kcal/mol lower in energy than the D 2h structure (Table 6 ). The molecular orbitals in the active space are formed primarily from the Ti d x 2 -z 2 orbitals, as noted for the SH ligand. At the MRMP2/TZV(p) level, the singlet state is predicted to lie 0.03 kcal/mol below the triplet state (Table 3) . As the basis set size is increased, the singlet is stabilized by a further 0.1 kcal/mol. At the MRMP2/ TZVP(fg) level, the µ-1,1-NCS bridged structure is predicted to be 1.1 kcal/mol lower in energy. The µ-1,1-SCN bridged structure is predicted to be the highest in energy.
NO.
Nitrosyl is an interesting ligand. Again, this ligand can bridge the titanium atoms in three possible ways. Two of these bridging modes (µ-1,1-NO and µ-1,2-NO) result in compounds with an electronic structure previously unseen in this study. The third bonding mode (µ-1,1-ON) has an electronic structure analogous to that described for the hydroxide complex.
The lowest energy singlet and triplet states for Ti 2 (µ-1,1-NO) 2 H 4 are 1 A g and 3 B 3u . The frontier molecular orbitals that form these states have b 2u and b 1g symmetry and are shown in Figure 6 . Rather than having unpaired electrons on the titanium atoms, this compound has the unpaired electron density mostly on the oxygen atoms. The two active molecular orbitals are principally formed from atomic p y orbitals on the oxygen atoms. There are 0.87 electrons in the lowest virtual orbital, so the molecule is essentially a singlet diradical. At the MRMP2/TZV-(p) level of theory, this ground-state singlet is 42.8 kcal/mol lower in energy than the first excited singlet state, which is composed of the normal titanium σ/σ* orbitals (Table 6) . MCSCF (2, 14) calculations show that these states do not mix. The lowest energy triplet state is 2.8 kcal/mol higher in energy than the ground-state singlet at the MRMP2/TZV(p) level of theory. When the basis set size is increased, the state with the "normal" titanium σ/σ* orbitals is predicted to lie approximately 40 kcal/mol higher in energy than the state created by the oxygen p y orbitals. For Ti 2 (µ-1,2-NO) 2 H 4 , the lowest energy singlet and triplet states have 1 A g and 3 B u symmetry, respectively. The frontier molecular orbitals for these states have b g and a u symmetry and are shown in Figure 7 . For this molecule, the unpaired electron density is located primarily on the nitrogen atoms. The two active molecular orbitals are formed from the nitrogen p z orbitals, where the z-axis is the principal axis. At the MRMP2/TZV(p) level of theory, the triplet is predicted to be 0.1 kcal/mol lower in energy than the singlet (Table 3) .
Of the three bonding modes, the triplet state of Ti 2 (µ-1,2-NO) 2 H 4 is predicted to be the lowest in energy. At the MRMP2/ TZV(p) level, Ti 2 (µ-1,1-NO) 2 H 4 and Ti 2 (µ-1,1-ON) 2 H 4 are calculated to lie 14.0 and 96.8 kcal/mol above Ti 2 (µ-1,2-NO) 2 H 4 , respectively. With the larger basis set, the MRMP2 level of theory predicts that the Ti 2 (µ-1,2-NO) 2 H 4 triplet structure will be lowest in energy. According to these calculations, the molecule is ferromagnetic and the magnetic susceptibility is predicted to increase as the temperature decreases. The effects of spin-orbit coupling on the singlet-triplet energy gap will be considered below. NO 2 . The nitrite ion is an electronegative ligand. While this ligand has many possible bonding modes (including µ-1,2-ONO and µ-1,3-ONO), the lowest energy local minimum found in this study is shown in Figure 8 . The lowest energy singlet and triplet states are 1 A g and 3 B 3u , respectively. The frontier molecular orbitals are also shown in Figure 8 . As seen in the µ-1,2-NO structure, the unpaired electron density is primarily located on the p y orbitals of nitrogen, where the titanium atoms lie along the z-axis and the nitrogen atoms lie along the x-axis. The lowest energy singlet state has 0.99 electrons in the lowest virtual orbital, based on a natural orbital occupation analysis of the TCSCF/TZV(p) wave function (Table 2) , so it is essentially a singlet diradical. The singlet-triplet splitting is 2 (µ-1,1-NO 2 (µ-1,1-NO 0.03 kcal/mol at the MPMP2/TZVP(fg) level of theory (Table  3) .
Magnetic Properties. A. Isotropic Interaction. The isotropic interaction between the titanium atoms in these dinuclear complexes is proportional to the calculated singlet-triplet energy gap, in the absence of spin-orbit coupling and magnetic dipole-magnetic dipole effects. The isotropic interaction parameters for these compounds are shown in Table 7 . As noted earlier, 34 as the diradical character of the dinuclear complex becomes more pronounced and the natural orbital occupation numbers of the HOMO and LUMO approach 1, the ferromagneticity of the complex increases. At the MRMP2/TZVP(fg) level of theory, the interaction becomes more ferromagnetic (J becomes more positive) in the order Ti 2 (µ-1,1-NO) 2 2 H 4 . 34 For copper compounds, an experimentally determined linear relationship was found between the isotropic interaction parameter J and the metal-ligand-metal angle. 114 However, the homodinuclear titanium compounds examined in this study show no such relationship (Table 8) . 2 (µ-1,2-NO 000+00-0000000 T 20 0.593462 000+000000-000 -0.104177 ++000000000000 -0.088849 000+00000000-0 -0.739346 +000000+000000 -0.280126 00000+00-00000 -0.197710 +00000000+0000 -0.253416 000000+000-000 -0.231158 0000+00+000000 -0.054223 00000002000000 -0.074468 0000+0000+0000 -0.142897 00000000200000 0.573987 0000000+000+00 -0.159228 00000000+0000-0.113080 000000000+0+00 0.080294 00000000002000 S 15 0.508497 20000000000000 0.395347 +000-000000000 0.389969 +0000000000-00 -0.167991 02000000000000 -0.196134 0+00000-000000 0.054622 0+0000000-0000 0.091912 00+00000-00000 -0.092015 000+000000-000 0.304653 0000+000000-00 -0.362371 00000002000000 -0.295368 0000000+0-0000 0.165713 00000000000200 a The occupancy of the 14 active orbitals in the primary CSFs is shown for eight CASSCF adiabatic states. A "2" indicates that the orbital is doubly occupied in the CSF. A plus (+) or minus (-) indicates that a single electron occupies the orbital.
B. Spin-Orbit Coupling Calculations.
For the homodinuclear titanium molecules of interest in this study, it is necessary to consider 2 electrons in at least 10 orbitals in order to develop correct descriptions of the excited states. 30 The TiTi bonding and antibonding interactions of the σσ*, ππ*, and δδ* types arising from the atomic d orbitals must be treated. For all molecules except those with NO and NO 2 bridging ligands, an initial state-averaged 2-electron, 10-orbital MCSCF calculation was carried out at the ground-state geometry. For Ti 2 (µ-1,3-ONC) 2 H 4 , the ground state is predicted to be a triplet based on the TCSCF and MRMP2 calculations reported above, so the ROHF/TZV(p) geometry was used. For the other molecules, the calculations were performed at the TCSCF/TZV-(p) singlet geometry. The resulting orbitals were used in a second state-averaged 2-electron, 10-orbital MCSCF calculation with no orbital symmetry restraints and with each of the first 20 states weighted equally. These orbitals were used in both the CASSCF spin-orbit coupling (CASSCF-SOC) and MCQDPT spinorbit coupling (MCQDPT-SOC) calculations. Earlier work on Ti 2 H 6 examined the effects of systematically increasing the active space and the number of states included in the calculation and found that the above procedure was sufficient to capture the bulk of the spin-orbit coupling effects for these systems. 30 For most of the homodinuclear titanium molecules considered in this study, the excited states and spin-orbit coupling effects are qualitatively similar to those previously reported for hydride and halide ligands. 30, 34 However, the complexes with µ-1,1-NO, µ-1,2-NO, and µ-NO 2 ligands do not follow the customary trends. For the NO and NO 2 bridging ligands, more than 10 orbitals are needed to treat the low-lying excited states. To obtain starting orbitals, modified virtual orbitals were generated by removing six electrons in the usual manner. 115 For the µ-1,1-NO case, molecular orbitals formed primarily from atomic p orbitals on the oxygen atoms and antibonding molecular orbitals on NO were used in addition to the Ti d orbitals (see Figure 9 ). At the CASSCF-SOC level, the primary adiabatic states that mix to form the first spin state are S 0 , T 2 , T 9 , and T 7 (see Table  9 ). T 1 is the primary component of spin states 2, 3, and 4. However, the inclusion of dynamic electron correlation dramatically alters these results. At the MCQDPT-SOC level, the first spin state is produced by a nearly equal mixture of S 8 and S 0 . The principal adiabatic state that creates spin states 2, 3, and 4 is T 6 . The primary configuration state functions (CSFs) (and their weightings) that contribute to these states are shown in Table 10 . In Table 10 , the occupancy of the 14 active orbitals (molecular orbitals 39-53, where orbital 39 is the HOMO) in each CSF is represented by an ordered pair of numbers. A 2 or For Ti 2 (µ-1,2-NO) 2 H 4 , the ground state is predicted to be a triplet based on the TCSCF and MRMP2 calculations, so the ROHF/TZV(p) geometry was used. The 14 orbitals used in the SOC calculations are shown in Figure 10 . The CASSCF-SOC calculations predict that the first spin state is primarily formed from the S 0 adiabatic state, while the next three spin states are primarily formed from the T 1 adiabatic state (see Table 11 ). At the MCQDPT-SOC level, the first spin state is composed of adiabatic states S 0 , S 15 , S 7 , and S 14 , while the next three spin states are composed of T 1 , T 4 , T 20 , and T 5 . The configuration state functions that create these states are shown in Table 12 .
For Ti 2 (µ-NO 2 ) 2 H 4 , the ground state is predicted to be a triplet based on the TCSCF calculations, so the ROHF/TZV(p) geometry was used. The 16 orbitals used in the SOC calculations are shown in Figure 11 . These include 10 orbitals primarily created from the Ti d atomic orbitals, two orbitals formed from N p orbitals, and four antibonding NO 2 orbitals. As shown in Table 13 , the principal adiabatic states that form the first four spin states are S 0 and T 1 for CASSCF-SOC and S 0 and T 7 for MCQDPT-SOC. CSFs for these states are shown in Table 14 .
The principal axes X, Y, and Z for the T 1 (lowest energy triplet state) components can then be determined from the coefficients of the eigenvectors. The axial and rhombic pseudodipolar parameters D e and E e can be calculated as discussed previously. 30 These values are presented in Table 15 . In general, the one-electron operator (HSO1) and the partial two-electron operator (P2E) track the full two-electron operator (HSO2) closely. The magnitude of the state energies for the lowest singlet and triplet states calculated by HSO1 varies from HSO2 by up to 2.5 cm -1 , but details of the splittings are qualitatively correct. The energies calculated by P2E are practically the same as those of HSO2 and differ by no more than 0.021 cm -1 . In general, the magnitude of D e and E e increases as the spinorbit coupling operator varies from HSO1 to P2E to HSO2. The magnitude of the zero-field splitting parameters from MCQDPT-SOC calculations is usually larger than the magnitude from CASSCF-SOC calculations. In general, the effect of dynamic correlation on the SOC parameters is much larger than is the effect of the SOC method.
Conclusions
The influence of multi-atom bridging ligands from groups 14, 15, and 16 of the periodic table on the magnetic properties of homodinuclear titanium complexes has been examined. These compounds are prototypes for many experimentally observed compounds. The compounds studied in this work have a high degree of diradical character, and there is little or no Ti-Ti bonding. Dynamic electron correlation is required for accurate predictions of the singlet-triplet splitting. In contrast to most of the ligands, NO -and NO 2 -have the unpaired density on the ligands rather than the titanium atoms. The ferromagneticity of the complexes studied in this work is closely related to the natural orbital occupation numbers of the HOMO and LUMO but is not related to the titanium-ligand-titanium angle. The addition of dynamic correlation via second-order perturbation theory greatly increases the mixing of spin states, but there is very little singlet-triplet splitting.
The partial two-electron operator method tracks the full twoelectron operator closely in the spin-orbit coupling calculations while dynamic correlation has a very large effect. The zerofield splitting parameters calculated by each operator method are very similar, although the magnitude tends to increase in the order HSO1 < P2E < HSO2. The zero-field splitting parameters from MCQDPT-SOC calculations are slightly larger than those from CASSCF-SOC calculations. 
